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INTRODUCTION
Fruits with a high content in phenolics have been reported to present increased antioxidant activity and to prevent some chronic and degenerative diseases, including several types of cancer.
1 Eggplant (Solanum melongena L.) is one of the vegetables with greatest antioxidant activity, 2 and presents anti-diabetic, hypotensive, cardioprotective, and hepatoprotective effects. [3] [4] [5] These properties have been attributed to its high content in phenolics. 6 Major phenolic compounds in eggplant include hydroxycinnamic acids, [7] [8] [9] which are found both in the fruit flesh and in the skin, and anthocyanins, which are present only in the skin. 10 Given that most of the volume of the eggplant fruit is fruit flesh, hydroxycinnamic acids, of which chlorogenic acid (5-O-chlorogenic acid and its isomers) is the major representative in eggplant, 11 are the phenolic compounds that make a greater contribution to the functional quality of the eggplant fruit. 12 Chlorogenic acid presents many properties beneficial for human health, such as anti-oxidant, anticarcinogenic, anti-inflammatory, analgesic, anti-microbial, neuroprotective, and cardioprotective effects. 6 Furthermore, chlorogenic acid has a low bitterness, 13 and at the concentrations found in eggplant flesh has no appreciable impact on eggplant bitterness, which is mostly caused by saponins. 14 In addition, chlorogenic acid also plays an important role in plant defence. 15 The interest in developing new eggplant cultivars with enhanced bioactive properties has led to the development of breeding programs specifically aimed at improving the content in total phenolics, in particular of chlorogenic acid. 6,11,16 A wide diversity, has been found among eggplant cultivars for total phenolics and chlorogenic acid content. 7, 11, 17, 18 Broad-sense heritability values for total phenolics in eggplant are intermediate, 18 which is an indication that selection and breeding for content in phenolics in eggplant will be efficient for the development of improved cultivars.
However, it is well known that in fruits and vegetables the oxidation of phenolics after the exposure of internal tissues to the air results in browning, which reduces the apparent quality. 19 The destruction of the cell compartments allows the orthodiphenolic substrates (chlorogenic acid and other hydroxycinnamic acid derivatives), mostly confined within the vacuoles, to be accessible to polyphenol oxidases (PPOs), which are found in the plastid membranes. 19, 20 PPOs catalyze the oxidation of these phenolic compounds to quinones, which subsequently react nonenzymatically with O 2 , and other compounds, like sulfhydryl compounds, amines, amino acids, and proteins to give brown-colored compounds. PPO activity, together with phenolics levels, play a major role in browning of cut tissues in a number of crops. 20 Eggplant PPOs have shown a great affinity for chlorogenic acid, 21,22 which might suggest that increases in chlorogenic acid content could result in increased fruit flesh browning. Also, several studies have shown that there are differences among eggplant varieties for PPO activity, 8,9,22,23 which opens the way to selecting varieties with reduced PPO activity.
Measurement of browning in eggplant has been performed in the fruit flesh either visually 24 or with a chromameter. 18, [25] [26] [27] [28] Chromameter measurements are generally considered as better than visual observations, as they allow an objective and precise measurement of browning. Also, browning in eggplant can be estimated in juice or in extracts of lyophilized tissue with a chromameter or by spectrometry. 22, 28, 29 Knowledge of the relationships between content in phenolics, antioxidant activity, PPO activity, and fruit flesh browning in genetically diverse collections of eggplant may be of interest in order to develop strategies for the development of new cultivars with improved fruit quality. Massolo et al. 30 and Mishra et al. 31 studied the relationships between total phenolics, chlorogenic acid, PPO activity and browning in 5 eggplant. However, these authors used a single cultivar. Both studies found low variation in total phenolics and chlorogenic acid content in the different samples measured, and that samples with greatest browning also presented highest levels of PPO activity. 30, 31 In a recent paper, Mishra et al. 32 used eight Asian cultivars to study the evolution of phenolics content, PPO activity, and browning during postharvest storage
These authors found that evolution of fruit flesh browning during storage for two weeks was positively correlated with phenolics content and PPO activity in one group of four accessions, and positively correlated with phenolics content and negatively with PPO activity in another group of four accessions. 32 However, the examination of the results of accessions before storage reveals that both the content in phenolic acids and PPO activity presented, respectively, low and moderate correlations with fruit flesh browning. 32 In any case, the number of accessions used was quite limited (eight accessions) in order to draw generalizations. Also, given that oriental (Asian) and occidental (Mediterranean and African) eggplants are genetically differentiated 33 it would be of interest to study these relationships in Occidental type materials, which are the most important in Europe, Middle East, Africa, and America.
In a study using a wide genetic diversity of eggplant (69 accessions), Prohens et al. 18 found that the correlation between total phenolics and fruit flesh browning measured with a chromameter was moderate (r=0.388) and suggested that additional factors other than the total phenolics compounds had a major role in fruit flesh browning in eggplant. Also, Prohens et al. 16 in a study of segregating generations from an interspecific family between S. melongena and the wild relative S. incanum L.
reached a similar conclusion.
Here, we evaluate the total phenolics content, chlorogenic acid content, antioxidant activity, PPO activity, liquid extract browning, and fruit flesh browning in a 6 collection of 18 accessions with different morphological characteristics from the region of Valencia, which is situated in the Spanish secondary center of diversity for eggplant. 34 The objective is to study the variation and relationships between these traits in order to obtain information relevant for the selection and development of eggplant varieties with improved bioactive properties and reduced fruit flesh browning.
MATERIALS AND METHODS
Plant Material. Fruits from a total of 18 eggplant germplasm accessions originating from the provinces of Alicante and Valencia, situated in the Autonomous
Community of Valencia (Spain), were used for the present study ( Table 1 ). The accessions used corresponded to landraces and included different fruit sizes, shapes, and colors, reflecting the wide morphological and molecular diversity of eggplant accessions from this region. [34] [35] [36] Plants from which the fruits were harvested were grown in the open field at the Agricultural Experimental Farm of Carcaixent (Valencia, Spain) using the standard horticultural practices.
Preparation of samples.
For each accession, fifteen commercially ripe fruits, evaluated by the size, color and glossiness of the fruit, were harvested between July 25
and September 5, 2011. A total of five samples, each consisting of three fruits, were considered for each accession. Fruits were washed and cut transversally with a wellsharpened knife at the mid-point between the blossom and stem ends for the measurement of fruit flesh browning. After fruit flesh browning had been measured, a 1-cm wide longitudinal section was cut from the middle of the fruit, peeled, and immediately frozen in liquid N 2 and stored at -80 ºC until lyophilized. Powdered tissue of each sample was used for the analyses.
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Traits measured. Total phenolics content was measured according to the FolinCiocalteu procedure. 37 For each sample, 0.25 g of the lyophilized tissue were extracted with 10 mL methanol:water (80:20, v/v) for 24 h at room temperature. An aliquot of the 1.25 mL of the extracted phenolic sample was centrifuged at 8000 rpm for 5 min and 65
L of the supernatant were mixed with 0.5 mL diluted (10%, v/v) Folin-Ciocalteu reagent (Sigma-Aldrich Chemie, Steinheim, Germany) and allowed to stand at room temperature for 5 min. Subsequently, 0.5 mL of a sodium carbonate solution (60 g/L)
was added to the mixture. After 90 min at room temperature, absorbance was measured at 725 nm in a Nanodrop ND-1000 (Nanodrop Technologies, Montchain, DE, USA)
spectrophotometer. Chlorogenic acid (Sigma Aldrich) was used as a standard, and total phenolics content was expressed as chlorogenic acid equivalents in g/kg of dry weight.
Chlorogenic acid was extracted basically according to Naranjo et al. 38 Lyophilized samples (0.1 g) were homogenized in 2.5 mL methanol. The total extract (2 mL) was vortexed vigorously, sonicated for 10 min, and then centrifuged at 14000 rpm for 15 min using a refrigerated (4 ºC) centrifuge and 2-mL Eppendorf tubes to remove cellular debris. The pellet was re-extracted with 1 mL of methanol and centrifuged again as above. The combined supernatants were filtered through 0. 40 Fifty µL of soluble-methanol phenolic fraction were diluted with 2 mL of ethanol 96º. An aliquot of 0.5 mL of the resulting solution was added to 1.5 mL of ethanol 96º, and 0.5 mL ethanolic solution containing DPPH · 0.5 mmol/L.
The blank sample was prepared using 2.0 mL ethanol and 0.5 mL of the same DPPH Browning in the liquid extract of lyophilized sample was determined by spectrophotometry at 420 nm. 42 For each sample, 0.25 g of lyophilized tissue were homogenized with 2.5 mL of water and was incubated at room temperature for 10 min.
Subsequently, 2.5 mL of a 4% metaphosphoric solution was added to stop the oxidizing reaction. 43 For each sample, a control was prepared in which 0.25 g of lyophilized tissue
were homogenized with 2.5 mL of 4% metaphosphoric acid and incubated at room temperature for 10 min. After that 2.5 mL of water were added to the solution. Both the sample and its respective control solutions were centrifuged at 8000 rpm for 5 min.
Absorbance was then determined at 420 nm in a Nanodrop ND-1000 spectrophotometer. One unit of extract browning was defined as a difference in 0.01 absorbance units between the sample and the control. 
RESULTS
Traits evaluated. Considerable variation among accessions was found for all traits ( Table 2) . Differences between the lowest and highest mean value for the accessions tested ranged from 1.82-fold for DPPH scavenging activity and 3.36-fold for flesh browning. The coefficient of variation did not present large differences for the traits studied, and ranged between 39.24% for total phenolics content and 54.35% for PPO activity ( Table 2 ), indicating that compared to the mean value of each trait the variation observed among accessions was similar for all traits.
The total phenolics content ranged between 8.14 g/kg (V21) and 22.47 g/kg (B33), with an average value of 16.86 g/kg ( Table 2 ). The chlorogenic acid content presented a mean value of 3.55 g/kg and varied between 2.47 g/kg (V21) and 6.27 g/kg (V17). This latter accession (V17) presented a remarkably high value of chlorogenic acid content, with a value 41% greater than the accession that ranked second (V9; 4.42 g/kg) ( Table 2 ). Chlorogenic acid was measured at 320 nm wavelength, as this was the wavelength that provided a better resolution after diode array detector scanning from 240 to 400 nm. Chlorogenic acid was the major 320 nm UV-absorbing peak and had a retention time of 11.94 min. Chlorogenic acid represented, on average, 21.1% of the total phenolics content measured by the Folin-Ciocalteu method, although considerable differences have been found among accessions for the chlorogenic acid content to total phenolics content ratio, so that the percentage of total phenolics content accounted by chlorogenic acid varied between 13.6% (B32) and 36.2% (V19).
The DPPH scavenging activity ranged between 27.5% (B36) and 50.3% (V9),
with an average value of 35.6% ( Correlations between traits. The pairwise coefficients of phenotypic linear correlation among the six traits studied presented positive values and were significant (P<0.05) for 11 out of the 15 correlations studied (Table 3 ). The highest value for the phenotypic correlation coefficient was between chlorogenic acid content and liquid extract browning (r=0.852) (Figure 1 ). The coefficient of determination (r 2 ) for this phenotypic correlation had a value of 72.5%. Values for the phenotypic coefficient of correlation above 0.6 were also found between chlorogenic acid on one side and total phenolics (r=0.633) and DPPH scavenging activity (r=0.612) on the other (Table 3 ).
The phenotypic coefficients of determination for the correlation between these pairs of traits were of 40.0% and 37.5%, respectively. The fruit flesh browning presented low, although significant, values for the phenotypic correlation with total phenolics (r=0.434) and with chlorogenic acid content (r=0.253). The coefficient of determination for the correlation between fruit flesh browning and total phenolics and chlorogenic acid contents, was of only 18.9% and 6.4%, respectively. Fruit flesh browning was not significantly correlated with PPO activity and extract browning (Table 3) .
Environmental linear correlation values were mostly in agreement with the results obtained for phenotypic correlations. In this case, all correlations were also positive and the 11 pairwise correlations that were significant for the phenotypic correlations, plus the correlation between liquid extract browning and fruit flesh browning, were significant (Table 4) . Also, as occurred for the phenotypic correlations, the highest value for the environmental correlation coefficient was between chlorogenic acid content and liquid extract browning (r=0.883) (Figure 1 ). The coefficient of determination (r 2 ) in this case reached a value of 78.0%. High values for the environmental coefficient of correlation were also found between total phenolics on one side and chlorogenic acid content (r=0.834) and extract browning (r=0.792) on the 13 other, and also between chlorogenic acid content and DPPH scavenging activity (r=0.653). In these cases, the coefficients of determination for the correlation between these pairs of traits were of 69.6%, 62.7%, and 42.7%, respectively (Table 4) . Similarly to what happened for the phenotypic correlations, the fruit flesh browning presented low, although significant, values for the environmental correlation with total phenolics (r=0.304), chlorogenic acid content (r=0.253), and extract browning (r=0.319).
Therefore, the coefficient of determination for the correlation between the degree of browning and the total phenolics, chlorogenic acid contents, and extract browning was, respectively, of 9.2%, 7.35, and 10.2%. As occurred with the phenotypic correlations, the fruit flesh browning did not present a significant environmental correlation with PPO activity (Table 4) .
Principal components analysis. The first and second components of the PCA accounted, respectively, for 48.5% and 21.5% of the total variation for the seven traits Table 5 ). The negative correlation with DPPH scavenging activity was very low in absolute values (-0.129).
The projection of the individual accessions in the PCA plot shows that they are widely spread over the graph area, with four to six accessions plotting in each of the quadrants (Figure 2) . Accession V17, which presents very high values for the first component is the accession that had the highest values for the three traits, i.e., chlorogenic acid content, PPO activity, and liquid extract browning ( Table 2 ) that present a higher correlation with the first principal component. Also, accession V9, which presents the second highest value for the first component ( Figure 2 ) is the accession that ranks second for chlorogenic acid content, third for PPO activity, and fourth for liquid extract browning (Table 2) . Similarly, the three accessions with lowest values for the first component are also the ones with lowest values for chlorogenic acid content ( Table 2 Table 2 ). The two accessions with lowest values for the second component (V7 and B33) are among the lowest (rank 18 and 16, respectively) for the CGA/TP ratio, and present high values (ranks 3 and 1, respectively) for the total phenolics (Table   2) .
Differences between accession groups. The PCA analysis allows allocating the 18 accessions to four groups according to the PCA quadrant in which they plot. We have named these groups A (positive for both components), B (positive for the first component and negative for the second one), C (negative for both components), and D (negative for the first component and positive for the second one). Significant 15 differences were detected among traits for total phenolics, chlorogenic acid content, chlorogenic/total phenolics ratio, PPO activity, and liquid extract browning (Table 6) .
No significant differences among groups were observed for DPPH scavenging activity and fruit flesh browning.
Assignation of low (-) or high (+) levels to each of the groups for the traits for which significant differences among groups were found allowed establishing a simplified profile for each of the groups (Table 7) . The results obtained for individual accessions (Table 2) (Tables 6 and 7) includes four of the accessions with lowest total phenolics content ( Table 2) . Groups B and C, which are classified as having have high values for CGA/total phenolics (Tables 6 and 7 ) ratio include the 10 accessions with highest value for the CGA/total phenolics ratio, while groups C and D, which are characterized for high PPO activity include 10 out of the 11 accessions with highest PPO activity ( Table 2) .
DISCUSSION
Although the accessions we have studied come from a geographically limited region, a wide variation has been found for the traits studied, which confirms the high diversity of eggplants from the Mediterranean region. [34] [35] [36] 45, 46 The wide variation for total phenolics and chlorogenic acid is of interest for the development of new cultivars with enhanced bioactive properties. In this respect, the inheritance of total phenolics content and 16 chlorogenic acid content has not been studied in depth in eggplant, although our previous results 16, 18 indicate that phenotypic selection can be efficient to develop eggplant cultivars with improved phenolics content. A next step consists in the mapping of genes and QTLs involved in the pathway of chlorogenic acid synthesis, which may provide tools (molecular markers) and relevant information for the breeding of eggplant cultivars with improved chlorogenic acid content.
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Chlorogenic acid is the major phenolic compound in the eggplant flesh, as it typically represents between 70% to 95% of the phenolic compounds as determined by HPLC studies 11, 16, 47 . However, we have found that total phenolics content levels as determined by the spectrophotometric Folin-Ciocalteu method 37 were considerably higher than those of chlorogenic acid. The Folin-Ciocalteu method frequently overestimates phenolics the real phenolics content, as the Folin-Ciocalteu reagent reacts not only with phenolic compounds, but also with with other antioxidants, proteins, and some inorganic ions. [48] [49] [50] In this respect, Mennella et al. 9 found a wide range of variation for the ratio chlorogenic acid to total phenolics depending on the cultivar and stage of fruit ripening. This suggests that, in eggplant, data for total phenolics obtained with the Folin-Ciocalteu method have to be interpreted with caution, especially when their correlation with chlorogenic acid or antioxidant activity is low. The results obtained from the PCA analysis shows that multivariate studies may be of great utility for classification of eggplant accessions according to their phenolics, antioxidant activity and browning profile. 54 Mishra et al. 32 found two different profiles in the postharvest evolution of PPO activity in a set of eight eggplant accessions. In one of the groups, PPO activity increased during postharvest storage, while in the other it decreased. 32 Each of the four groups identified by us included accessions from different morphological characteristics showing that a wide diversity for the traits studied exists within cultivar groups. 7,9 This suggests that it is possible to find, within a single cultivar group, accessions with different profile for phenolics content, PPO activity and extract browning. The identification of these groups may be of interest for the study of the genetic regulation of phenolics content, PPO activity, and browning, for physiology studies, and for identifying adequate sources of variation for breeding in a specific cultivar group of eggplant.
Within the collection we have studied, we have identified some accessions for 
